12
28 CONVERSION FACTORS Values in this report are given in inch-pound units. The conversion factors are shown to obtain metric equivalents to four significant figures. Annual maximum n-dav mean discharge The annual maximum mean value from daily discharges for an indicated n consecutive days and recurrence interval, in cubic feet per second.
Multiply
Average discharge The arithmetic mean of all yearly discharges of a gagingstation record, in cubic feet per second.
Base runoff Fair-weather natural runoff, composed mostly of ground water effluent.
Coefficient of determination CR-sauare) A measure of how much variation of the dependent variable that is explained by the independent variable(s) in a multiple-regression equation.
Coefficient of variation A measure of the amount of variation in a set of data.
It is obtained by calculating the standard deviation and dividing it by the arithmetic mean of the set of data.
Dependent variable A streamflow characteristic that is related to basin and climatic characteristics in a multiple-regression analysis.
Elevation Height of land or water surface, in feet, as related to sea level or the National Geodetic Vertical Datum of 1929 (NGVD of 1929) .
Equivalent years of record The number of years of observed record required to provide an estimate of equal accuracy to that provided by a regression equation.
Gaging station A particular site on a stream where a continuous record of discharge is obtained.
Independent variable A basin or climatic characteristic to which a streamflow characteristic is related to in a multiple-regression analysis.
Multiple-regression analysis A statistical technique whereby an equation is derived between a dependent variable and one or more independent variables. Natural-flow stream A term used in this manual to denote a stream on which diversions, regulations, and urbanization have insignificant effect on the streamflow characteristics.
Outliers Those observations in a statistical sample that depart from the trend of the rest of the data.
Partial-record station A particular site on a stream where a non-continuous record of discharge is collected systematically during a period of years.
Pearson Type III frequency distribution A statistical distribution used in discharge-frequency analysis, which is described by three parameters: mean, standard deviation, and coefficient of skewness of the logarithms of the sample observations. v
GLOSSARY Continued
Recurrence interval The average interval of time, in years, within which a given streamflow characteristic will be exceeded once.
Residual The difference between the measured value of an observation and the corresponding fitted value obtained by use of the fitted regression equation.
Seepage run Discharge measurements made at intervals along a stream channel during a period of base runoff to identify significant gains or losses in streamflow.
Skewness A numerical measure or index of asymmetry of a frequency distribution.
From a practical standpoint, the term indicates positive or negative curvature of a discharge-frequency relation.
Standard deviation A measure of the dispersion of a set of data about the arithmetic mean of that data. It is the square root of the sum of squares of the deviations from the arithmetic mean divided by the number of values minus one.
Standard error of estimate (in percent) A measurement of how well the observed data agree with estimates from the regression equation.
It is a range of error in percent, such that the value estimated by the regression equation is within this range at about two of three sites and is within twice this range at about 19 of 20 sites.
INTRODUCTION
This manual provides methods for calculating 10 streamflow characteristics at three types of sites on natural-flow streams (those which are not significantly affected by regulation, diversion, or urbanization) in the Colorado River Basin in Utah (pi. 1). The methods are presented for estimating average discharge and annual maximum 1-, 7-, and 15-day mean discharges for recurrence intervals of 10, 50, and 100 years at sites on such streams.
This manual is intended to aid planners, engineers, officials of Federal, State, county, and municipal agencies, and private firms in developing and managing the surface-water resources in the Colorado River Basin.
The information can be used to determine natural streamflow conditions, identify the effects of man's activities on streamflow, establish water-quality standards for streams, and design water-control structures.
The methods for estimating streamflow characteristics at gaged sites, near gaged sites on the same stream, and at ungaged sites are described first, and the regression equations developed for computing streamflow characteristics at ungaged sites are listed in tables 1-4. The limitations of the methods then are discussed in terms of their range of applicability. The range of basin and climatic characteristics used in the regression equations is listed in table 5.
Application of the methods is presented in a step-by-step procedure using several examples.
Next, the analytical development of the regression equations is described. Attention is briefly given to the need for developing methods that could be used for transferring low-flow characteristics from gaged to ungaged sites in the Colorado River Basin in Utah.
Finally, streamflow characteristics and basin and climatic characteristics used to develop the equations are listed in table 6 at the back of the manual.
Mean annual streamflow (average discharge) and high streamflow in the Colorado River Basin in Utah have been the subject of at least five reports during the past 15 years. Whitaker (1971) evaluated the accuracy of estimates of mean annual streamflow and 7-day high streamflow at recurrence intervals of 2, 10, and 50 years by regionalization of the streamflow data available through the 1970 water year. Gruff (1975) estimated the monthly, annual, and mean annual streamflows for streams in the Duchesne River basin based on the method of monthly-discharge measurements described by Riggs (1969) . Fields and Adams (1975) estimated mean annual streamflow in northeastern Utah based on drainage area and mean annual precipitation by using multiple-regression techniques and data based on the common-time period of 1941 -70. Fields (1975 developed relations between mean annual streamflow and width of channel-bar cross section for emphemeral and perennial streams. Thomas and Lindskov (1983) developed equations for estimating 2-, 5-, 10-, 25-, 50-, and 100-year annual peak discharges using multiple-regression techniques, and they also presented ratios of 500-to 100-year values.
This manual was prepared by the U.S. Geological Survey in cooperation with the U.S. Bureau of Land Management. Increasing development of energy resources on lands administered by the Bureau of Land Management in the Colorado River Basin in Utah has created a need for a uniform methodology to estimate streamflow characteristics.
DESCRIPTION OF METHODS FOR ESTIMATING STREAMFLOW CHARACTERISTICS
The three methods described here can be used to estimate streamflow characteristics of natural-flow streams in the Colorado River Basin in Utah. The first two methods require daily-discharge records at or near the stream site. The third method, which is used at sites on ungaged streams, consists of regression equations to relate streamflow characteristics to basin and climatic characteristics. At sites near a state line on streams entering Utah, the streamflow characteristics estimated by these methods should be coordinated with the office of the Geological Survey in the adjacent state.
Streamflow Information at Gaged Sites
Streamflow information from gaging stations on natural-flow streams that was used in the regression analysis is listed in table 6. Listed in the first line for each gaging station are the average discharge and annual maximum 1-, 7-, and 15-day mean discharges for recurrence intervals of 10, 50, and 100 years. These values are based on the indicated period of observed record. Gaging-station locations and numbers are shown on plate 1. The stationnumbering system is the standard system used in reports of the U.S. Geological Survey (1982, p. 24) .
Streamflow characteristics for gaging stations in Utah that were not used in the regression analysis are available in the data report by Christensen and others (1986) . These stations are on streams or reaches of streams that are materially affected by diversions, regulation, or lack hydrologic homogeneity with tributary streams due to the large size of their drainage basins. The streamflow characteristics presented by Christensen and others (1986) apply to the streams for the conditions (such as volume of diversions and reservoir releases) that were present during the period of record used to define those characteristics. If there are major changes in the regime of the streams, then the streamflow characteristics given by Christensen and others (1986) may not be representative of future streamflows.
If a gaging-station record covers only a wet or dry climatic cycle, the data may not represent the best base for future estimates. This time-sampling error usually is small for long periods of record, but it may be extremely large for short periods. A procedure described by Sauer (1974, p. 23-25) reduces such time-sampling errors by providing a weighted average of discharge from the station value and the regression value. The weighted average is computed from the equation
N + M where Q W = weighted discharge in cubic feet per second, for the streamflow characteristic; QC = gaging-station value of the streamflow characteristic, in cubic feet per second; QR = regression-equation estimate of the streamflow characteristic, in cubic feet per second; N = the number of years of gaging-station data used to compute Q ; o M = the equivalent years of record for QREquivalent years of record represents an estimate of the number of years of actual streamflow record required at a site to achieve an accuracy equivalent to the estimate of a streamflow characteristic from a regional regression equation.
The equivalent-years weighting factors for the regression-equation estimates were computed by the following equations developed by Hardison (1971, P. 
SE
for annual maximum n-day mean discharge N = R^ I v |
where Ny = the equivalent years of record (M) for the regression-equation estimate (Q ) in equation (1); R cv = the average coefficient of variation of the logarithms of the annual average discharges for all stations in the region; SE = the standard error of prediction for the regression equation, in percent ^ for average discharge and in log units for annual maximum n-day mean discharge; I = the average standard deviation of the logarithms of the annual maximum n-day mean discharges for all stations in the region; and R =a factor which is a function of recurrence interval and average logarithmic skewness of the annual maximum n-day mean discharges for all stations in the region.
The computation of equivalent years of record require an estimate of the standard error of prediction (SE ) which includes estimates of both the spacesampling error (error in the p underlying relation between a streamflow characteristic and a set of basin characteristics) and time-sampling error (error in the streamflow characteristics at the gaging station used in the regression analysis). The interaction of these errors sometimes results in equivalent years of record which seem unreasonable. For average discharge, regression-equation estimates have an indicated accuracy equivalent to not more than 2 years. It is reasonable to believe that the regression-equation estimates are more accurate than can be provided by 2 years of observed record. For annual maximum n-day mean discharge, the equivalent years of record shown in tables 1-4 that is less than 10 years seems unreasonably low for the accuracy of estimates made from the regression equations.
A weighted discharge was computed for each streamflow characteristic at most gaged sites, and it is listed below the station value in table 6. For average discharge, the weighted value was not computed when the equivalent years of record was less than 1. The weighted discharge, where provided, should be a better indicator of the true value because the regression estimate is an average of the streamflow records of many gaging stations over a long period of time. The exponent (x) was determined by regressing the logarithm of the streamflow characteristic (Q$) against the logarithm of the drainage area (AQ) using the relation QS = ( a ) (AQ)X for each region, where "a 11 is the regression constant. For the 10-, 50-, and 100-year annual maximum 1-, 7-, and 15-day mean discharges, the average of the exponents for the three equations for each consecutive-day period was taken for each region. Equation (4) is applicable to ungaged sites where the ratio of the drainage areas is between 0.75 and 1.5. In addition to the ratio method for sites near gaged sites, if a site is between two gages, the streamflow characteristic may be estimated by interpolation between values for the two gages, with allowance for major tributaries. Equation (4) should not be used for computing average discharge on a stream where discharge decreases with increasing contributing drainage area. According to available records, this streamflow condition exists on Dry Fork and Rock Creek in the Mountains Region and Hill and Bitter Creeks in the Northern Plateaus Region (table 6).
Streamflow Information at Ungaged Sites
Streamflow information at ungaged sites is obtained using a series of regression equations (tables 1-4) which relate Streamflow characteristics to basin and climatic characteristics. A discussion of the multiple-regression analysis that defined the regression equations is given in the section "Analytical Development Each basin or climatic characteristic that appears in the regression equations is defined below with a brief explanation of the computation procedure.
Contributing drainage area, A, in square miles, is the total area of a basin contributing to discharge at a stream site. It is measured from U.S. Geological Survey topographic maps, usually by planimetering. Simpler but less reliable indexes of drainage-area size might be obtained by overlaying a grid of known square areas on the outlined basin and counting the number of squares.
Mean basin elevation, E, in thousands of feet, is obtained from topographic maps by placing a transparent grid over the drainage basin, determining the elevation at each grid intersection, averaging the elevations, and dividing by 1,000. The grid size is chosen so that at least 20 elevation points are sampled in the basin.
Mean annual precipitation, P, in inches, is determined from the map "Normal Annual Precipitation for the State of Utah" (U.S. Weather Bureau, 1963) . The mean annual precipitation is obtained by outlining the drainage basin on the map, placing a transparent grid over the basin, determining the precipitation at each grid intersection, and averaging the values. The grid size is chosen so that at least 20 points are sampled in the basin.
Main-channel slope, S, in feet per mile, is the slope between two points at 10 and 85 percent of the distance from the stream site to the basin divide. It is computed by dividing the difference in elevation, in feet, by the distance, in miles, between the two points (Benson, 1964, p. D22-D23) .
Forested area, F, in percent, is the percentage of the contributing drainage area shown as forested on the topographic map. The forested area is obtained by outlining the drainage basin on the map, placing a transparent grid over the basin, and determining the percentage of the grid intersections within the basin that are on the forested area. The grid size is chosen so that at least 20 grid intersections are within the basin.
Regional equations were developed for average discharge and the 10-, 50-, and 100-year annual maximum 1-, 7-, and 15-day mean discharges for four regions (pi. 1).
The selection and description of the four regions are explained in the section "Analytical Development of Regression Equations," and the equations for each are listed in tables 1-4.
Limitations of Methods
The following limitations apply to use of the methods presented in this manual.
1. The three methods may not apply to urban areas unless the effects of urbanization on streamflow are insignificant. An example of this condition would be a large stream flowing through an urban area.
2. The three methods may not apply to streams where manmade works, such as flood-detention structures, storage reservoirs, and major diversions have a significant effect on streamflow. For these conditions, streamflow routing or stream-system studies will be required to evaluate streamflow characteristics.
3. The regression equations for computing streamflow characteristics at ungaged sites may not apply when the basin and climatic characteristics are outside the range of those used to develop the equations (table 5).
APPLICATION OF METHODS
Estimates of streamflow characteristics are determined for sites on natural-flow streams in the Colorado River Basin in Utah by the following steps:
1.
From plate 1 and the description of regional boundaries in sections "Mountains Region", "Northern Plateaus Region", "Central Plateaus Region", and "Southwestern Plateaus Region", determine the region in which the site lies.
2. From plate 1 and table 6, determine if the site is at a gaged site or near a gaged site on the same stream. For more specific information regarding gaging-station locations, see Christensen and others (1986) .
3. If the site is at a gaged site listed in table 6, use the method described under "Gaged Sites". 4. If the site is near a gaged site on the same stream, use the method described under "Sites near Gaged Sites on the Same Stream".
5.
If the site is not at or near a gaged site, then use the method described under 'Ungaged Sites". (1)
Computed equivalent years of record was less than 1 when rounded to nearest whole number. Annual maximum 1-day mean discharge 9 9 9
Annual maximum 7-day mean discharge 9 9 9
Annual maximum 15-day discharge Q, discharge, in cubic feet per second; A, contributing drainage area, in square miles; E, mean basin elevation, in thousands of feet; P, mean annual precipitation, in inches; and S, main-channel slope, in feet per 
Gaged Sites
Streamflow characteristics at gaged sites can be obtained from table 6, and the recommended values for each gaging station are the weighted discharges on the second line. If no weighted value is listed, use the unweightedstation value on the first line. The procedure for computing weighted discharges was described in the section "Streamflow Information at Gaged Sites", and is illustrated in Example 1.
Example 1. Average Discharge at a Gaged Site
Determine the best estimate of average discharge for gaging station 09406700, South Ash Creek below Mill Creek, near Pintura (lat 37 021'50", long 113°20'01", in SW1/4SW1/4SE1/4 sec. 29, T.39S., R.13W.).
Map coverage: New Harmony quadrangle, scale, 1:62,500.
Determine the regression estimate of average discharge (Q ) a t the station using the regression equation for the Southwestern Plateaus Region (table 4) 
Sites near Gaged Sites on the Same Stream
Streamflow characteristics at sites near gaged sites on the same stream can be computed using the method described in the section "Streamflow Information near Gaged Sites on the Same Stream". First, determine the ratio of the drainage area at the ungaged site to that at the gaged site. If this ratio is between 0.75 and 1.5, use equation (4) If the ratio lies outside the above range, use the method described in the section "Streamflow Information at Ungaged Sites".
Example 2. Annual Maximum 1-Day Mean Discharges near a Gaged Site
Determine the 10-, 50-, and 100-year annual maximum 1-day mean discharges, indicated as Q-j 10 , Q 1 50 , and Q 1 100 , for South Ash Creek, 0.9 mile south of Pintura (lat 37°21', long 113°17', in NE1/4 sec. 11, T.40S., R.13W.).
Map coverage: New Harmony quadrangle, scale, 1:62,500
From the New Harmony quadrangle, plate 1, and table 6, it is noted that gaging station 09406700, South Ash Creek below Mill Creek, near Pintura, is upstream from the ungaged site and has a drainage area (A ) of 11.0 square miles.
Determine the drainage area at the ungaged site (Ay = 14.0 square miles). Determine the drainage-area ratio of ungaged site (Ay) to gaged site (AQ)
ATT / Ap = 14.0 / 11.0 = 1.27.
U u
The ratio of 1.27 meets the drainage-area requirement for this method, therefore, equation (4) is the annual maximum 1-day mean discharge at the ungaged site for the recurrence interval T; x = 0.3 from the table on page 5, for the Southwestern Plateaus Region; and QW ( T ) is the weighted discharge at the gaged site for the recurrence interval T from table 6. 2. Compute the required basin and climatic characteristics using the definitions and instructions given in the section "Streamflow Information at Ungaged Sites".
Solve the equations for the desired Streamflow characteristics.
Example 3. Annual maximum 7-day mean discharges at site where basin lies within one region Discharges for the 10-, 50-, and 100-year annual maximum 7-day mean discharges, indicated as Qy 1Q , Q^ 5Q , and Qy 100 , are required at the State Highway 24 crossing of Temple Wash, 22 miles north of Hanksville (lat 38°39 ! 09", long 110°33'10", in SE1/4NE1/4 sec.11, T.25S., R.12E.).
The basin covers parts of two U.S. Geological Survey 15-minute topographic maps, Temple Mtn. and The Wickiup, scale, 1:62,500.
From plate 1 and the topographic maps, Temple Wash lies in the Central Plateaus Region.
The equations for the annual maximum 7-day mean discharges for the Central Plateaus Region are listed in table 3.
The equations require that the following basin and climatic characteristics be known:
A, drainage area, in square miles, and P, mean annual precipitation, in inches.
Using the procedures described in the section "Streamflow Information at Ungaged Sites", the following values for the required characteristics were obtained: A = 38.2 square miles and P = 8.6 inches. Determine the streamflow characteristics at a stream site when the basin is in the Mountains Region and the Northern Plateaus or the Central Plateaus Region.
1. Compute basin and climatic characteristics for the entire basin and the portion of the basin in each region.
2.
Compute streamflow characteristics using the regression equations for the Mountains Region in table 1. In the special case where the site is in the transition zone described in the section "Northern Plateaus Region", and it is on a stream originating above the elevation of 9,000 feet, then the streamflow characteristics are computed using only the regression equations for the Mountains Region.
3. For sites on other streams, compute streamflow characteristics using the regression equations for the appropriate plateaus region in tables 2 or 3-4. From steps 1 through 3, weight the streamflow-characteristic discharges based on the corresponding drainage area in each region using the following equation:
/ Mountains \ Q / Plateaus \ (5) Weighted = ^Mountains T + ^Plateaus -\ Total / \ ATotal / Application of this procedure is illustrated in Example 4: Example 4. Annual maximum 15-day mean discharges at site where basin is in two regions Discharges for the 10-, 50-, and 100-year annual maximum 15-day mean discharges, indicated as Q^ -| 0 $15 50, and ^15,100, are reQ uired at a site on Deer Creek, 3.5 miles above mouth and 6.4 miles southeast of Boulder (lat 37°5T, long 111°21 ! , in NE1/4 sec. 16, T.34S., R.5E.). Using plate 1, the description of the regional boundary in the vicinity of the basin in the section "Mountains Region", and the topographic maps, the Deer Creek basin is found to lie in the Mountains and Central Plateaus Regions. Procedure 2 should be used to compute the streamflow characteristics for this site.
The streamflow-characteristic equations for the Mountains and Central Plateaus Regions are obtained from tables 1 and 3. The equations require that the following basin and climatic characteristics be computed for the entire basin:
A, drainage area, in square miles, E, mean basin elevation, in thousands of feet, and P, mean annual precipitation, in inches.
Using the procedures outlined in the section "Streamflow Information at Ungaged Sites", the following values for the required characteristics were obtained: A = 63 square miles, E = 7,680/1,000 = 7.68 thousands of feet, P = 15.4 inches, Area of basin in Mountains Region = 4 square miles, and Area of basin in Central Plateaus Region = 59 square miles. 
ANALYTICAL DEVELOPMENT OF REGRESSION EQUATIONS
Regression equations for estimating streamflow characteristics were developed from multiple-regression analysis of streamflow characteristics and basin and climatic characteristics using the linear and logarithmic equations described in the section "Streamflow Information at Ungaged Sites". The characteristics, available as of September 30, 1981, are based on 135 gaged basins in Utah, Arizona, Colorado, and Wyoming (pi. 1), and the stations and characteristics are listed in table 6. The stations used in Arizona and Wyoming have parts of their drainage basins in Utah. The stations in Colorado are in the western Colorado plateau areas similar to plateau areas of eastern Utah. Three stations in the Great Basin in southwestern Utah near the Great Basin-Colorado River Basin drainage divide were used to provide a larger data base for the region in that area. The length of record of all stations used was at least 5 years for average discharge and at least 10 years for annual 1-, 7-, and 15-day mean discharges. Of the 135 gaging stations, 34 stations have 5 to 9 years of record and 101 stations have records equal to or greater than 10 years.
Station records were screened to omit those records affected more than 10 percent by diversions, regulation, or urbanization. Several of the stations that are now regulated have natural streamflow for parts of the records. The records of unregulated flows were used to determine the natural-streamflow characteristics for these streams. This information, although useful for defining regional streamflow characteristics, is not applicable to these gaged sites under present-day conditions. A footnote in table 6 identifies each gaging station in this category.
Average Discharge
The average discharge for the station record was obtained from a publication by the U.S. Geological Survey (1982) or a prior publication when the station was discontinued before 1981. The average discharge for each gaging station used in this analysis is listed in table 6.
Annual Maximum Mean Discharge-Frequency Relations
Annual maximum 1-, 7-, and 15-day mean discharges for recurrence intervals of 10, 50, and 100 years were determined for each gaging-station record with 10 or more years as of September 30, 1981. The annual maximum mean discharges of the selected recurrence intervals were determined by fitting a Pearson Type III frequency distribution (Meeks, 1977, p. G20-G27) to logarithms of observed discharges. A subjective appraisal of high and low outliers was made based on the reasonableness of the computed dischargefrequency curves. High outliers cause frequency curves to indicate extremely large discharges, especially for large recurrence intervals, through an increased standard deviation and large positive skewness. Low outliers cause large negative skewness, but they increase the standard deviation of the frequency distribution. To some degree, these characteristics are compensating, but extreme negative skewness can produce mean dischargefrequency relations which estimate little or no increase in discharge with increases in recurrence interval. High outliers were not deleted, but the discharge-frequency curves were reconstructed manually to more reasonable frequency curves based on frequency curves of nearby stations that were not affected by high outliers. Low outliers were deleted, where warranted, and the discharge-frequency curves were recomputed based on the remaining discharges.
The computed 10-, 50-, and 100-year annual maximum 1-, 7-, and 15-day mean discharges for each gaging station used in this analysis are listed in table 6.
Regression Analysis
Multiple-regression techniques were used to develop relations between streamflow characteristics (dependent variables) and basin and climatic characteristics (independent variables). Multiple regression provides a mathematical equation of the relation between a single dependent variable and one or more independent variables. It also provides a measure of the accuracy of the defined relation, the standard error of estimate, and measures of the usefulness of each independent variable for estimating the flow characteristics in the relation.
The standard error of estimate is a measure of how well the observed data agree with estimates from the regression equation. The usefulness of each independent variable to any relation is judged both on its statistical significance and on the reduction in the standard error of estimate that is brought about by including the variable. Those independent variables that were significant at the 5 percent level were considered important to the equation.
The following independent variables (basin and climatic characteristics) were included in the multiple-regression analysis prior to selecting the best regression equations for estimating the dependent variables (streamflow characteristics):
1. Contributing drainage area, in square miles; 2. Mean basin elevation, in thousands of feet; 6. Azimuth of main channel (a ranked variable numbered from one to eight corresponding to the eight points of the compass; S = 1, SW = 2, SE = 3, W = 4, E=5, NW=6, NE=7, N=8).
7. Basin area above elevation of 6,000 feet, in percent;
8. Area of lakes and ponds, in percent;
9. Length of niiin channel, in miles;
10. 2-year, 24-hour rainfall, in inches (Miller and others, 1973 );
11. 100-year, 24-hour rainfall, in inches (Miller and others, 1973) ;
12. Geology factor (based on relative infiltration rates assigned to surface geologic formations outlined on a geologic map of Utah) (Hintze, 1980) .
The independent variables 1 through 5 appear in the final regression equations (tables 1-4). Except for main-channel azimuth and main-channel length, the statistical significance of the independent variables 6 through 12 were not fully tested to explain the variations in the dependent variables because the values for those variables were not defined for several stations.
Selection of independent variables was made using the "stepwise" procedure with the maximum R-square improvement option and the "general linear model" (GLM) procedure in the Statistical Analysis System (SAS Institute Inc., 1982, p. 101-110, 139-199) .
The "stepwise" procedure is a statistical technique which finds the one-variable equation producing the highest Rsquare. Then another variable, the one that yields the greatest increase in R-square, is added. Once the two-variable equation is obtained, each of the variables in the equation is compared to each variable not in the equation. After comparing all the alternative two-variable models, the model is selected that results in the greatest R-square. The process continues to find the best three-variable equation, and so forth; until only those that are significant at the 5-percent level remain in the equation. The GLM procedure provided graphical plots of dependent variables versus independent variables, residuals versus independent variables and predicted values, and map plots of residuals for evaluation of the equations.
Final selection of independent variables for the equations (tables 1-4) was made using the following guidelines:
1.
Independent variables were selected that explained the largest practical percent variation of the dependent variable (R-square) and the smallest standard error of estimate compared to other combinations of independent variables.
2.
No equation contained two or more variables that were highly correlated.
3. The regression coefficients were significant at the 5-percent level, however, for a few equations with no other choice, coefficients were accepted at the 8-percent level.
The first regional regression trials for the 10 streamflow characteristics were made using all gaging-station records in the data set for natural-flow streams in the Colorado River Basin in Utah and Wyoming (pi. 1 and table 6). The adequacy of these first regression equations were generally fair to poor; however, regional deviations could be identified from geographic plots of the residuals. The fair-to-poor equations and the residual trends were attributed mainly to the extremely varied topography of the Colorado River Basin and the several sources and forms of precipitation that produce the streamflow characteristics. In general, gaging stations on streams originating in mountain areas above 9,000 feet and with mean basin elevations greater than 7,500 feet have similar hydrologic characteristics. Runoff is mainly from snowmelt. These stations are hydrologically different from other gaging stations in the Colorado River Basin which are on streams originating below 9,000 feet. Runoff results from combinations of snowmelt and rainfall.
Regional regression analysis continued with the data set being divided into two parts, the mountain stations and the plateau stations. The mountain stations included those having mean basin elevations greater than 7>500 feet and located in Utah and Wyoming. The plateau stations included the remaining stations in Utah and including those in the Great Basin in southwestern Utah (pi. 1), and stations in western Colorado and in northern Arizona. Regression analysis of the mountain stations required only small adjustments in the data set. The addition of nearby Great Basin stations in central and northern Utah made no significant change in the R-square and standard error of estimate in the regression equation. Therefore, those Great Basin stations were not included in the data set. For the plateau stations, several different regional configurations were tested using geographic plots of residuals and knowledge of topographic and meterologic conditions.
The final results of the regression analyses indicate that the streamflow characteristics of natural-flow streams in the Colorado River Basin in Utah can best be defined at this time (1985) by dividing the basin into four regions. The regions, as outlined on plate 1 and described in the following sections, are the Mountains, Northern Plateaus, Central Plateaus, and the Southwestern Plateaus Regions. For the streamflow characteristic average discharge, the Northern Plateaus Region includes the small cross-hatched area on plate 1. The streamflow-characteristic equations are listed by region in tables 1-4.
Mountains Region
The Mountains Region (pi. 1) comprises all areas in the Colorado River Basin in Utah in which streamflow is predominantly from snowmelt. The northern part of the region consists mostly of the Wasatch Plateau-Uinta Mountains area, which is bounded on the west by the Great Basin-Colorado River Basin drainage divide and on the east by a boundary that generally corresponds to an elevation of 7»500 feet. The east boundary departs from 7,500 feet at the Strawberry-Price Rivers drainage divide southwest of Duchesne and at the south end of this northern area near Emery. From the Strawberry River basin to the Price River basin, the boundary crosses the Strawberry River just upstream of Current Creek and runs southeast along the 7,500-foot contour to the drainage divide between the Right and Left Forks of Indian Canyon, where it follows that divide to the Strawberry-Price Rivers divide. Then the boundary runs southeast along the Price River divide to the head of Coal Creek, where it turns to a southwesterly direction and follows a drainage divide to the Price River just downstream of Castle Gate. The boundary crosses the river and continues in a southwesterly direction along the 7,500-foot contour. Northwest of Emery, the boundary follows the Ferron-Muddy Creeks drainage divide from an elevation of 7,500 feet to 10,000 feet, then it turns southwest across the Muddy Creek basin to the Great Basin-Colorado River Basin drainage divide at 10,000 feet. In the southern part of the basin, the region includes the areas above 10,000 feet in the mountains in the Fish Lake area, the Henry Mountains south of Hanksville, the Boulder and Escalante Mountains north and west of Escalante, and above 9,000 feet in the LaSal Mountains southeast of Moab and the Abajo Mountains west of Monticello.
The Mountains Region is slightly different than that described above for the streamflow characteristic average discharge. The small cross-hatched area shown on plate 1 is in the Mountains Region for streamflow characteristics of annual maximum 1-, 7-, and 15-day mean discharges and in the Northern Plateaus Region for the streamflow characteristic average discharge. For average discharge, the common boundary for the Mountains and Northern Plateaus Regions runs west along the Avintaquin Creek south drainage divide from the main regional boundary (pi. 1) to the Utah-Wasatch County line north of Colton, then the boundary runs south across the Price River just southeast of Colton. From the Price River crossing, the boundary continues in a southwesterly direction along a drainage divide to the Manti-LaSal National Forest Boundary just south of the town of Clear Creek, then it turns east to the main regional boundary at an elevation of 7,500 feet.
The principal form of precipitation during the winter is snow derived from moisture moving eastward from the Pacific Ocean. Infrequently, high streamflows are caused by rainfall on snow or a thick snowpack that melts rapidly because of a rapid rise in temperature. During the summer, rainfall falls throughout the region, but because of the high elevation, intense thunderstorms rarely occur over areas large enough to cause significant streamflow. The streamflow-characteristic equations apply to all unregulated streams in this region except the upper part of Castle Creek, which is on the north side of the LaSal Mountains. The records from station 09182000, Castle Creek above diversions, near Moab (not shown on pi. 1), indicate that the surface runoff from the basin is significantly less than runoff from similar gaged basins in the area. George A. Birdwell (oral commun., U.S. Geological Survey, 1984) stated that several springs discharge downstream from the gaging station.
The regression equations relating streamflow characteristics to basin and climatic characteristics for the Mountains Region are listed in table 1, with the corresponding number of stations used in the regression analysis, the standard error of estimate, and equivalent years of record.
Northern Plateaus Region
The Northern Plateaus Region includes the northern areas of the Colorado River Basin in Utah east and south of the Mountains Region and north of the Roan Cliffs (pi. 1). The south boundary follows the drainage divide along the Roan Cliffs from the Colorado State line to a point northeast of Helper where it meets with the east boundary of the Mountains Region. The location of the common boundary with the Mountains Region is described in the section "Mountains Region".
The Northern Plateaus Region is slightly enlarged from that described above for the streamflow characteristic average discharge. The small crosshatched area shown on plate 1 is in the Northern Plateaus Region for the streamflow characteristic average discharge and in the Mountains Region for streamflow characteristics of annual maximum 1-, 7-> and 15-day mean discharges.
The detailed description of the boundary for this special condition is given in the section "Mountains Region".
The sources of streamflow in this region are snowmelt and thunderstorms. Snowmelt in late winter and early spring generally results in greater continuous volumes of streamflow than does the thunderstorms, but thunderstorms generally cause the maximum instantaneous peaks for the period of station record.
On rare occasions, rain on snow causes high peak discharges.
For streams originating in the Mountains Region, the area north of the Strawberry and Duchesne Rivers and northwest of the Green River is a transition zone between the Mountains Region and the Northern Plateaus Region. Streamflow characteristics at sites on unregulated streams originating from mountain areas above 9,000 feet should be computed using the Mountains Region regression equations. At sites on other streams originating in the Mountains Region, streamflow characteristics should be computed using a procedure that accounts for the percentage of drainage area in each region (See section "Procedure 2.--Weighting procedure for sites where regression equations for two regions are used").
The equations (table 2) for the Northern Plateaus Region should be used with discretion. The average discharge has a large exponent for elevation, primarily because the average discharge varys greatly among the drainage basins due to the extremely variable hydrologic conditions in the region. To account for the variability in the basin hydrology, contributing drainage area (A), mean basin elevation (E), forested area (F), and main-channel slope (S) are included in the equation to estimate average discharge. The equations for estimating annual maximum 1-, 7-, and 15-day mean discharges may not always provide estimated discharges at ungaged sites within the standard error of estimates given in table 2, due to the availability of only nine stations for the regional regression analysis.
The equations for the Northern Plateaus Region should be used with caution for sites north of the Green River and east of Manila in the extreme northeast corner of the region. The 5-year record at station 09234700, Red Creek near Dutch John (not shown on pi. 1), contains the only data available for the area. The lack of additional station records for this area prevented verification of the regression relations between the streamflow characteristics and the basin and climatic characteristics. The regionalcorrelation plot of residuals versus average discharge indicated a poor fit with other regional data; therefore, the station was excluded from this analysis.
The station 09306800, Bitter Creek near Bonanza, was included in the regional regression analysis for average discharge but not for annual maximum 1-, 7-, and 15-day mean discharges. The regional-correlation plots of annual maximum-mean discharges versus contributing drainage area indicated that the high runoff from Bitter Creek basin is much less than that from other basins in the region. The streamflow characteristics based on the station record are listed in table 6. In table 2, the regression equation for average discharge is the only equation applicable to the Bitter Creek basin.
The regress->n equations relating streamflow characteristics to basin and climatic characi r-istics for the Northern Plateaus Region are listed in table 2, with the cori .^spending number of stations used in the regression analysis, the standard error of estimate, and equivalent years of record.
Central Plateaus Region
Tht Central Plateaus Region comprises the central area of the Colorado River Laiin in Utah, which consists of the plateau area from the southern boundary of the Northern Plateaus Region (Roan Cliffs), south to the Arizona State IILJ, and southwest to and including Kanab Creek (pi. 1). The west boundary follows the Kanab Creek west drainage divide from the Arizona State line to the Great Basin-Colorado River Basin drainage divide, then northeasterly along an intermittent boundary with the Great Basin-Colorado River Basin drainage divide and the Mountains Region. The north boundary is described in detail in the section "Northern Plateaus Region". This region is ,Ai^ largest of the four regions and includes more than one-half of the Colci-ado River Basin area in Utah. Within this region the high-mountain areas ^e designated as part of the Mountains Region and are described in that section. For those streams originating in the Mountains Region, the streamflow characteristics at a site in the Central Plateaus Region should be computed using the method described in section "Procedure 2. Weighting procedure for sites where regression equations for two regions are used". Snowmelt in late winter and in the spring, high-intensity rainfall in the summer, and infrequent rainstorms in the fall are the sources of streamflow. The streamflow volume is generally greatest from snowmelt. Mean daily discharge from melting snow in the spring generally is exceeded by streamflow from rainfall. In the summer and fall, many days of no streamflow occur between storms at many of the stations.
The station 09372000, McElmo Creek near Colorado-Utah State line, was included in the regional regression analysis for annual maximum 1-, 7-, and 15-day mean discharges but not for average discharge. The average discharge is significantly affected by return water that is imported from the Dolores River basin and spread on irrigated lands in the Montezuma Irrigation District. The regression equation for average discharge in table 3 is not applicable to McElmo Creek, however, the equation may be used to estimate average discharge for natural flow tributaries to McElmo Creek.
The regression equations relating streamflow characteristics to basin and climatic characteristics for the Central Plateaus Region are-listed in table 3 with the corresponding number of stations used in the regression analysis, the standard error of estimate, and equivalent years of record.
Southwestern Plateaus Region
The Southwestern Plateaus Region is the southwestern area of the Colorado River Basin in Utah, and it is west of the Central Plateaus Region (pi. 1). The area is bounded by the Arizona and Nevada State lines on the south and west, by the Great Basin-Colorado River Basin drainage divide on the north, and the west boundary of the Central Plateaus Region on the east which is described in detail in the section "Central Plateaus Region".
Streamflow in the Southwestern Plateaus Region is from rainfall and snowmelt. The volume of streamflow generally is greatest in late winter and early spring due to snowmelt or rain on snow. During the period of a station record, the annual peak discharges can occur in any month of the year. The annual maximum peak discharges generally result from summer thunderstorms.
The regression equations relating streamflow characteristics to basin and climatic characteristics for the Southwestern Plateaus Region are listed in table 4 with the corresponding number of stations used in the regression analysis, the standard error of estimate, and equivalent years of record. The equations in table 4 may not always provide estimates of discharge at ungaged sites within the standard error of estimates given in table 4, due to the small number of stations (13 for average discharge and 10 for annual maximum 1-, 7-> and 15-day mean discharges) available for the regional regression analysis.
FUTURE STUDY OF LOW-FLOW CHARACTERISTICS
Low-flow characteristics commonly are used to determine the adequacy of streamflow for municipal or industrial supplies, irrigation, disposal of mine liquid wastes, and maintenance of suitable streamflow conditions for fish. Certain low-flow characteristics also are useful as indicators of the quantity of ground-water discharge to the stream and legal indexes for stream pollution control.
In the Colorado River Basin in Utah, selected low-flow characteristics are available for most continuous-record gaging stations with 10 or more years of record as of September 1981 (Christensen and others, 1986) . However, procedures are needed to transfer low-flow characteristics from gaged to ungaged sites. To provide such transfer capability, additional low-flow data from an expanded partial-record station network are needed. Significant streamflow gains or losses need to be determined through seepage run investigations and non-perennial streams identified.
(For a detailed explanation of the methods used to define low-flow characteristics of streams, see Riggs, 1972.) SUMMARY Methods are presented for estimating average discharge and annual maximum 1-, 7-, and 15-day mean discharges for recurrence intervals of 10, 50, and 100 years at three types of sites on natural-flow streams in the Colorado River Basin in Utah. At or near gaged sites, two methods depend on the availability of daily-discharge records. At the gaged site, the weighted-average method is used to weight the station value and a regression-equation value. At a site near a gaged site on the same stream, the draihage-area-ratio method is used to transfer the weighted-average value from the gaged site to the nearby ungaged site. At sites on ungaged streams, a method uses regression equations to relate streamflow characteristics to basin and climatic characteristics. Examples are given on how to use the three methods.
Regression aquations relating average discharge and 10-, 50-, and 100-year annual maximum 1-, 7-, and 15-day mean discharges to basin and climatic characteristics were developed for four regions in the Colorado River Basin in Utah. The equations relate the 10 streamflow characteristics to the following basin and climate characteristics: contributing drainage area, mean basin elevation, mean annual precipitation, main-channel slope, and forested area. The standard error of estimate for the 10 streamflow characteristics ranges from 13 to 87 percent.
Basin, climatic, and streamflow characteristics for \35 gaging stations on unregulated streams are tabulated. In addition, weighted estimates of streamflow characteristics based on station data and the regression-equation estimates are provided for most of the gaged sites. The use of weighted values at the gaged sites should provide more reliable streamflow estimates than the use of station data only.
A low-flow study is suggested to collect needed low-flow data and to develop methods for estimating low-flow characteristics at ungaged sites. Selected low-flow characteristics are available at most gaging stations with 10 or more years of record as of September 1981. However, procedures are needed to transfer low-flow characteristics from gaged to ungaged sites. 
